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Abstract 
 

Poly (o-phenylenediamine) and their nanocomposites with TiO2 nanoparticles were synthesized using oxidative polymerization tech-

nique and the polymer nanocomposites were characterized using spectral techniques like FT-IR, UV-VIS spectroscopy and the mor-

phology have been analyzed by XRD, SEM and TEM. The stability of the prepared polymer nanocomposites was studied using TGA, 

DTA and found to have high thermal stability. The study of ac conductivity, dielectric property revealed that the formed nanocompo-

sites are semiconducting in nature and can be widely used in the field of energy storage and semiconductor devices, in diodes, batter-

ies etc. 
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1. Introduction 

Polyphenylenediamines are considered to be conductive polymers 

which have attracted attention lately because they display high gas 

separation ability (Mohaseen et al. 2012 & Pandi Boomi et al. 

2014) and lyotropic liquid crystallinity (Pandi Boomi et al. 2013 

& Pandi Boomi et al. 2014) Furthermore, it is reported that poly-

phenylenediamines produced by chemically oxidative polymeriza-

tion with sodium, potassium, or ammonium persulfate as oxidants 

show ladder and ladder-like structures having highly aromatic 

nitrogenous heterocycles and show unusually high thermostabil-

ity(Pandi Boomi et al. 2013 & Mansour Ghaffari-Moghaddam et 

al. 2014 & Yong Kong et al. 2013 & Mahasweta Nandi et al. 2011 

& Mei-Rong Huang et al. 2001 & Garjonyte et al. 1999 & Zhang 

et al 2011). The nitrogenous heterocyclic ladder structure is con-

sidered to be of great benefit to the preparation of advanced air 

separation membranes (Anderson et al. 1991. Moreover, the solu-

bility of the polyphenylenediamines in most of the common or-

ganic solvents is low and depends on solvent composition and on 

the oxidant that was used for polymerization (Myler et al. 1997 & 

Liu et al. 2008). Only a few studies on oxidative homopolymeriza-

tion of three phenylenediamine isomers have been described (Cao 

et al. 1993 & cataldo. 1996).  

Various methods are available for the synthesis of polypheylene-

diamines. However, the most widely used techniques are electro-

chemical and chemical oxidative polymerization methods. The 

chemical method is important to produce polypheylenediamines 

on large scale. Several oxidizing agents have been used in the 

polymerization of polypheylenediamines. Poly (o-

phenylenediamine) (PoPDA) hollow spheres using ammonium 

persulfate (APS) and PoPDA nanofibres using chlorauric acid. 

Isomers of polyphenylenediamine were prepared using APS as an 

oxidant and their copolymer with polyaniline have been reported. 

Poly (p-phenylenediamine) (PpPDA) was chemically prepared 

using potassium persulfate and their voltammetric studies and the 

electrochromic behavior had been analyzed (premasiri et al. 1995 

& Chan et al. 1991). 

A rapid, templateless, surfactantless approach was used to prepare 

microfibrils by simply mixing of aqueous cupric sulfate and o-

phenylenediamine (oPD) solutions at room temperature (Li et al. 

2001). Microfibers of PoPDA have been prepared by direct mix-

ing of aqueous solution of ferric chloride and oPD solution at 

room temperature (Sestrem et al. 2009). PoPDA hollow multi-

angular microrods have been synthesized at 10°C by an interfacial 

process using ferric chloride and oPD and the possible formation 

mechanism of the structure has been proposed (Sestrem et al. 

2010). Microrods of poly (o-phenylenediamine) were synthesized 

by a templateless method using ferric chloride as an oxidant 

(Huang et al. 2001).  

In the present study, PoPDA and their nanocomposites with TiO2 

nanoparticles were synthesized using FeCl3 as an oxidant and 

studied applications like dielectric property and ac conductivity. 

2. Materials and methods 

2.1. Materials 

The monomer o-phenylenediamine, ferric chloride, surfactant 

Sodium Dodecyl Sulfate was purchased from Merck, all the other 

chemicals and reagents were of Analytical Grade and used as re-

ceived without further purification. The nanoparticles of TiO2 

were purchased from Sigma Aldrich of particle size 60-70nm.  

2.2. Methods synthesis of poly (o-phenylenediamine) 

with TiO2 nanoparticles  

The equimolar volume of o-phenylenediamine and hydrochloric 

acid was prepared and TiO2 is added in the weight percentages of 

10, 20 and 30% to the above solution and kept for vigorous stir-

ring to keep the TiO2 suspended in the solution. To this, SDS was 
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added as an emulsifier and ferric chloride was added drop wise as 

an oxidant. The obtained solutions were kept for stirring at room 

temperature for 6 hours to polymerize the monomers. The poly (o- 

phenylenediamine)-TiO2 nanocomposites (PoPDA/TiO2) precipi-

tate was collected on filtration, washed with deionised water fol-

lowed by methanol to remove the oligomers and unreacted mon-

omers present in the polymers (Aashish Roy et al. 2013).  

2.3. Characterization technique 

The FT-IR spectrum of the synthesized samples was recorded on 

an ABB-MB-3000 FT-IR spectrometer in KBr medium. The UV-

Vis spectrum of polymers was taken using Perkin Elmer Lamba 

UV-Vis- Spectrometer by dissolving the polymers in DMSO as a 

solvent. The XRD was measured with Bruker AXS D8 Advance 

using Cu as X-ray source at the Wavelength of 1.5406 Å of angu-

lar range from 3˚ to 135˚. Scanning electron microscopy was used 

to study the morphology of the synthesized polymers using JEOL, 

JSM-6390LV model. High-resolution transmission electron mi-

croscopy was measured using Tecnai T20 G2 S-TWIN of operat-

ing voltage 250 kV. TG/DTA was recorded using Perkin Elmer 

STA 6000 model. The Broadband Dielectric Spectrometer (BDS) 

was measured in pellet form using NOVOCONTROL Technolo-

gies, GmbH & Co. Germany, Concept 80 model. Differential 

Scanning Calorimetry (DSC) was measured using Mettler Toledo 

DSC 822e from room temperature to 300°C.  

3. Results and discussion 

3.1. FT-IR spectra of poly (o-phenylenediamine) with 

different concentrations of TiO2 nanoparticles 

The FT-IR spectrum of PoPDA with 10, 20 and 30% titanium 

dioxide which is represented as PoPDA/10%TiO2, 

PoPDA/20%TiO2 and PoPDA/30%TiO2 shows a single band at 

3352 cm−1 is due to the N–H stretching vibrations of the -NH- 

group. The two peaks at 3413, 3195 cm−1 are ascribed to the 

asymmetrical and symmetrical of N–H stretching vibrations of 

NH2 group. Two strong peaks at 1688 cm−1 and 1520 cm−1 are 

associated with the stretching vibrations of C=N and C=C group 

in phenazine ring. The peaks at 1374 cm−1 and 1244 cm−1 are as-

sociated with C–N–C stretching in the benzenoid and quinoid 

imine units. Furthermore, the bands at 752 cm−1 and 582 cm−1 are 

characteristic of C–H out-of-plane bending vibrations of benzene 

nuclei in the phenazine skeleton (Fig. 1). When compared to the 

polymer, the wave numbers of polymer nanocomposites have 

slightly shifted to longer wave number due to formation of hydro-

gen bonding between oxygen of TiO2 and hydrogen of -NH- group 

present in the polymer (Mona et al. 2011). In addition to the above 

peaks, the presence of peak at 486 cm−1 which is due to M-O bond 

stretching vibration of TiO2 metal oxides confirms the incorpora-

tion of TiO2 into the polymeric matrix and the incorporation of 

SDS into the polymeric backbone is confirmed from the peak at 

1049cm-1 which is due to S=O stretching vibration. 

 

 
Fig. 1: FT-IR Spectra of Poly (o-Phenylenediamine) with Different Con-

centrations of TiO2 Nanoparticles. 

3.2. UV-VIS spectra of poly (o-phenylenediamine) with 

different concentrations of TiO2 nanoparticles 

The UV-Vis spectra of PoPDA with 10%, 20% and 30% TiO2 

show major peaks at about 282 and 441 nm. The band near 441 

nm is assigned to π–π* transition associated with the phenazine 

ring conjugated to the two lone pairs of electrons present on the 

nitrogen of the NH2 groups, the peak is broad and it suggests the 

existence of quinoneimine moieties. The other peak at about 282 

nm is mainly assigned to the π–π* transitions of the benzenoid and 

quinoid structures. The UV-Vis spectra of PoPDA synthesized at 

different concentrations of TiO2 nanoparticles are given in Fig. 2. 

 

 
Fig. 2: UV-Vis Spectra of Poly (o-Phenylenediamine) with Different Con-

centrations of TiO2 Nanoparticles. 

3.3. XRD of poly (o-phenylenediamine) nanocomposites 

with different concentrations of TiO2 nanoparticles 

The XRD spectra of PoPDA nanocomposites with the different 

concentrations of TiO2 like 10, 20, 30 wt% are given in the Fig. 3. 

From the spectra it is observed, the peaks at 2θ = 25.38, 37.88, 

48.08, 53.98, and 55.18 can be assigned to the diffractions of the 

(1 0 1), (0 0 4), (2 0 0), (1 0 5), and (2 1 1) crystal planes of ana-

tase phase of TiO2. The characteristic diffraction peaks observed 

at 27.48 and 36.18 can be attributed to the (1 1 0) and (1 0 1) faces 

of rutile phase in TiO2
 (Meirong Wang et al. 2013). 

The XRD patterns of PoPDA nanocomposites show the character-

istic peaks not only for the PoPDA which is 5°˂2θ˂35° but also 

for the TiO2 nanoparticles, proving the existence of TiO2 nanopar-

ticles within the polymer nanocomposite. This confirms that the 

PoPDA nanocomposites become more crystalline as the concen-

tration of TiO2 is increased. The PoPDA has not affected the crys-

tallization behavior of TiO2 nanoparticles (Pandi Muthirulan et al. 

2013) in the nanocomposite formed as it is evident from the Fig. 

3. 
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Fig. 3: XRD Spectra of Poly (o-Phenylenediamine) with Different Con-

centrations of TiO2 Nanoparticles. 

3.4. SEM images of poly (o-phenylenediamine) nano-

composites with different concentrations of TiO2 nano-

particles 

The polymer nanocomposites with different concentration of TiO2 

nanoparticles are found to have agglomerated granular in shape 

and has crystalline in nature. As the concentration of TiO2 nano-

particles increased the aggregation of nanoparticles on the poly-

mers was found to increase and it uniformly distributed through-

out the nanocomposite. The TiO2 nanocomposites having spheri-

cal in shape have been aggregated on the surface of the PoPDA 

nanocomposites and thus the PoPDA with 30%TiO2 gives the 

properties of both PoPDA and TiO2 which is evident from XRD 

patterns of highly crystalline nature of polymer nanocomposites 

(Fig. 4 a-c). 

 
(A) 

 
 

(B) 

 
(C) 

 
Fig. 4: (A-C) SEM Images of PoPDA with 10, 20 and 30% TiO2 Nanopar-

ticles. 

3.5. TEM study of poly (o-phenylenediamine) with 30% 

TiO2 nanoparticles 

The particle size of the PoPDA with 30% TiO2 nanoparticles was 

imaged using HRTEM and found to have aggregated core shell 

type of morphology with the spherical like particles. The particle 

size of the synthesized polymer nanocomposites falls in the range 

of 60-70 nm as it is evident from the Fig. 5 with different magnifi-

cations. The entire surface of the TiO2 nanoparticles were sur-

rounded by uniform thin layer of PoPDA and the TiO2 nanoparti-

cles are well dispersed in the polymeric matrix. Moreover, the 

outer shell of the TiO2 nanoparticles exhibited a fine increment in 

brightness due to the presence of polymer compared with the dark 

inner core, which confirmed the formation of core–shell feature of 

the PoPDA nanocomposites with 30% of TiO2 nanoparticles. The 

formation of PoPDA encapsulated TiO2 core–shell nanocompo-

sites were attributed to the strong electrostatic interaction between 

PoPDA and TiO2 nanoparticles (Meirong Wang et al. 2013).  

 
(A) 

 
 

(B) 
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Fig. 5: (A-C) HRTEM Images of PoPDA/ 30% TiO2 Nanocomposites at 

Different Magnification. 

3.6. TGA and DTA of poly (o-phenylendiamine) nano-

composites with different concentrations of TiO2 nano-

particles 

The three stages of thermal transition that lead to weight loss 

PoPDA with different concentrations of TiO2 like 10%, 20% and 

30% are exhibited in Fig. 6. The first thermal transition from 200 

to 210 °C is ascribed to the removal of dopant molecules. The loss 

of low molecular weight oligomers or side products present in the 

polymeric compound are due to the second thermal transition from 

230 to 290°C. The third transition is observed between 300 °C to 

732 °C with a weight loss of ~30%, and this can be attributed to 

the degradation of benzenoid and quinonoid repeating units pre-

sent in the polymeric backbone. The residue present at the end of 

the heating process is 0.99 mg for PoPDA with 10%TiO2, 

1.6625mg for PoPDA with 20%TiO2 and 4.081mg for PoPDA 

with 30%TiO2.The amount of residue is more when the percentage 

of TiO2 increased which also confirms the incorporation of metal 

oxide into the polymer. The DTA curves of PoPDA with 10%, 

20% and 30% TiO2 nanoparticles (Fig. 7.) displayed exothermic 

peak at 400–705 °C. This may be due to pyrolysis of the organic 

group, dehydroxylation and collapse of the layered structure, and 

recrystallization of the pyrolysis product into oxides (Ukrainczyk 

et al. 1997). 

 

 
Fig. 6: TGA Spectra of Poly (o-Phenylenediamine) Nanocomposites with 

Different Concentrations of TiO2 Nanoparticles. 

 
Fig. 7: DTA Spectra of Poly (o-Phenylenediamine) Nanocomposites with 

Different Concentrations of TiO2 Nanoparticles. 

 

3.7. DSC spectrum of poly (o-phenylenediamine) nano-

composites with TiO2 nanoparticles 

The DSC spectrum of poly (o-phenylenediamine) with 30 weight 

percentage of TiO2 nanoparticles shows an endothermic peak at 

213°C is due to the glass transition temperature (Fig. 8.). The pol-

ymer starts to melt above 260°C which is shown by endothermic 

peak at 270.22°C which is characteristics of melting temperature.  

 

 
Fig. 8: DSC Spectrum of Poly (o-Phenylenediamine) Nanocomposites 

with TiO2 Nanoparticles. 

3.8. Study of AC conductivity 

The complex impedance spectra of synthesized polymers and the 

polymer nanocomposites with different weight percentages of 

TiO2 nanoparticles were evaluated by plotting real (Z’) and imagi-

nary part (Z”) of complex impedance. From the plot the bulk re-

sistance (Rb) for the prepared samples was evaluated by analyzing 

the impedance data using ZSimpdemo software. The conductivity 

values of polymers and their nanocomposites with 10, 20 and 30% 

of TiO2 nanoparticles were evaluated using bulk resistance (Rb) 

using the formula, 

 

=  (t / A) (1 / Rb) S/cm
 

 

Where, t is the thickness of the pellet, A is the area of pellet and 

Rb is the bulk resistance of the pellet.  

The conductivity of the PoPDA nanocomposites increases with 

the addition of TiO2 nanoparticles from the order of 10-7 to the 

order of 10-5 and this may be due to the incorporation of TiO2 
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nanoparticles in to the polymeric matrix. The conductivity of the 

polymer nanocomposites synthesized with 10, 20, 30 % TiO2 na-

noparticles (Fig. 9) are found to be 1.2753 x10-5 S/cm, 2.2590 x10-

5 S/cm and 2.4417 x10-5 S/cm respectively. There was a slight 

increase in the conductivity with increase in the concentration of 

TiO2. 

 

 
Fig. 9: Complex Impedance Spectra of Poly (o-Phenylenediamine) and 

their Nanocomposites with Different Concentrations of TiO2 Nanoparticles.. 

3.9. Variation of ac conductivity with frequency 

The σac conductivity of PoPDA nanocomposites with 10%, 20% 

and 30% TiO2 nanoparticles were found to increase linearly with 

increasing frequency from 10Hz to 1 MHz for all the prepared 

polymer nanocomposites. The PoPDA with TiO2 nanocomposites 

are found to have higher conductivity than the PoPDA with and 

without SDS (Fig. 10). The variation of ac conductivity of nano-

composites obeyed by ‘‘Universal law’’ which was used to de-

scribe conductive behavior of disordered materials (Ke et al. 2009 

& Li Yu et al. 2012). 

 

 
Fig. 10: Plot of σac Vs Frequency of Poly (o-Phenylenediamine) and their 
Nanocomposites with Different Concentrations of TiO2 Nanoparticles. 

3.10. Dielectric analysis 

3.10.1. Dielectric analysis of poly (o-phenylenediamine) nano-

composites with different concentrations of TiO2 nanoparti-

cles  

The plot of real and imaginary part of complex permittivity 

against frequency for PoPDA, PoPDA synthesized with SDS and 

the polymer nanocomposites prepared with different concentra-

tions of TiO2 nanoparticles shows the characteristics of charged 

carrier systems (Fig. 11 and 12). In all the polymers and their 

nanocomposites, both ε’ and ε” increase with the decrease in fre-

quency. Generally at any particular frequency, the dielectric per-

mittivity is found to increase and this behavior is more pro-

nounced at lower frequencies having the value of 1.35 for PoPDA 

synthesized with 30% TiO2 (below 2 Hz). The increment in per-

mittivity with decrease of frequency reveals that the systems ex-

hibit strong interfacial polarization at low frequency. As reported 

by the other authors (Lee et al. 1993 & Muhammad et al. 2005) 

the strong low frequency dispersion for ε’ and no loss peak for ε” 

are characteristics of charged carrier systems (Bluma et al. 2006). 

 

 
Fig. 11: Plot of log ε’ Vs log Frequency of Poly (o-Phenylenediamine) and 

their Nanocomposites with Different Concentrations of TiO2 Nanoparti-
cles. 

 

 
Fig. 12: Plot of log ε” Vs log Frequency of Poly (o-Phenylenediamine) 
and their Nanocomposites with Different Concentrations of TiO2 Nanopar-

ticles. 

3.10.2. Variation of tangent loss with frequency  

The PoPDA nanocomposites prepared with 10%, 20% and 30% 

TiO2 nanoparticles, the tan δ against frequency was plotted (Fig. 

13). The broad loss peak appeared in PoPDA is completely elimi-

nated for the polymer nanocomposites and this is due to the inor-

ganic nanoparticles which appear to reduce the chain movement of 

the polymer through physical bonding or through confinement 

(Roy et al. 2005). 
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Fig. 13: Plot of tan δ Vs log Frequency of Poly (o-Phenylenediamine) and 

their Nanocomposites with Different Concentrations of TiO2 Nanoparti-

cles. 

4. Conclusion 

The TiO2 nanocomposites of PoPDA have been successively pre-

pared via chemical oxidative polymerization method. The synthe-

sized polymer nanocomposites were characterized using FT-IR, 

UV-Vis spectroscopy and from the result it is confirmed the for-

mation of the polymers. The morphology was studied by XRD, 

SEM, TEM and confirmed that the synthesized nanocomposites 

were of highly crystalline in nature and the formation of core shell 

type morphology of TiO2 nanoparticles incorporated into the pol-

ymer shell were confirmed. From the thermal analysis like 

TG/DTA, DSC, the polymer stability were analyzed and found to 

be thermally more stable. The PoPDA/TiO2 nanocomposites have 

increased in electrical conductivity when compare to the PoPDA. 

Dielectric analysis of the polymer and their nanocomposites shows 

that these materials can be used as energy storage devices, semi-

conductor devices, piezoelectric transducers, dielectric amplifiers 

etc. 
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